INTRODUCTION
The solenoid thin magnet and a tubular is vacuum curing, forms been building a series of thin experiments. 1 ,2,3 The LBL coil, a shorted secondary coil package. The magnet coil epoxy which, after casting and resistant package.
This paper engineering realities of potting large
The epoxy LBL has chosen was selected for its vacuum rather than its thermal contraction The LBL that the fabrication technique could be more to the success of coils impregnated with epoxy than the formulation of the epoxy itself. The apparent success that we have had building solenoids up to two meters in diameter (no training up to the coil critical shows that this vie\V' may have merit. We describe the LBL epoxy formulation, the for using the epoXYg and the LBL epoxy and method in coils.
' * This work is of Energy. 
SMALL SAMPLE TESTS
LBL has not, in general, gone through the extensive cryogenic epoxy studies other laboratories have. 5 ,&,7. However, measurements of cracking resistance and total thermal contraction coefficients have been made at LBL on a number of samples of filled and unfilled epoxy as well as other plastics and composite materials. Two groups of measurements were made during the last three years, and they are in agreement with measurements made at other laboratories. The LBL measurements include small sections of superconducting coil. The LBL cracking and thermal contraction measurements were all done at liquid nitrogen temperature. (These yield enough information in order to make reasonable engineering decisions.) Table 1 shows the results of various measurements made at LBL of thermal contraction and cracking resistance. The materials used in the thin superconducting solenoid magnets are included in the Table. The crack resistance of unfilled epoxy sections is often rather poor. Experience indicates that when these epoxy sections are filled the crack resistance improves greately.
VACUUM IMPREGNATION OF LARGE SUPERCONDUCTING COILS
The three high current density LBL test superconducting solenoids were built using the epoxy vacuum impregnated epoxy described previously. These magnets use a copper based niobium titanium superconductor which operates at current densities as high as 1.24 x 10 9
Am~2
These coils are intrinsically stable. Therefore, relatively litt~e energy deposited locally is required to drive them normal (about 1~4 x 10 4 Jm-3 depending on current density and magnet induction).9 Since epoxy cracking can release energy locally it is important that a good epoxy technique be used in these coils.
The epoxy chosen for impregnation of the large superconducting test test coils was chosen for its impregnation properties. Impregnation of conventional coils has been done in the LBL shops for over a decade.
The LBL epoxy formulation appears to crack at cryogenic temperatures if large epoxy volumes are unfilled. Care has been taken to avoid cracking within the epoxy. (In theory, the coil assembly is designed for rapid cool down. One should be able to cool the coil in liquid nitrogen and have the coil assembly survive.) Cracking of the epoxy within the coil can be controlled by the following procedure: 2. The amount of epoxy within the structure should be minimized. This reduces the time needed to introduce the epoxy and under vacuum and it minimizes the potential for cracking.
3. The unfilled spaces within the epoxy should be minimized, this reduces the size of potential cracks. (Thus,the energy released due to cracking is minimized.)
4. Voids and bubbles should be eliminated as much as possible.
5. Sharp corners within the mold and on surfaces exposed to the resin should be eliminated.
The basic structure of a magnet coil is shown in Figure 1 . This Figure shows a cross section of the one-meter diameter coils. The two-meter diameter coil has a slightly different but similar structure. The spaces in the coil were either filled with glass cloth or with dacron cord. The superconducting wire was wound on the coil form under considerable prestress (about 2 x 10 8 Nm-
This prestress guarantees that the relative thermal contraction between the coil and aluminum bore tube is matched. In addition, the coil has enough~restress so that a minimum amount of tensile stress is put into the epoxy.l
The cooling tube, which is wound outside of the magnet coil, will carry two phase helium to cool the coil. During potting it is used as a means for heating the coil while the epoxy is poured and cured. (This second use for the cooling tube is extremely important.) The thick, nearly pure aluminum bore tube also distributes the heat to the epoxy during pouring and curing. As a result, the epoxy temperature within the coil can be controlled to about lOCo The aluminum bore tube is made vacuum tight so that it can be used as of the vacuum impregnation mold. (A vacuum tight mold is essential.) The outer shell of the vacuum mold consists of sheet steel which is wrapped and clamped around the coil. The vacuum tightness of the vessel is insured through the use of a generous amount of dux~seal, RTV (silicone rubber) and good clamping of the steel onto the coil cooling tube. The vacuum space within the coil was pumped to about 10-5 torr while the cooling coil was heated by warm water at a temperature of about aooc. Once the mold assembly has been leak checked with a mass spectrometer, it remained on the pump for 24 hours at eooc to outgas water and other contaminents. Then the temperature was dropped to around 4SoC. The finished mold assembly for the two-meter diameter test coil is shown in Figure 2 . 'l'he epox:y flow wi thin the rrhe LBL epoxy will flow channels small rate is slow. Care must be taken to ensure epoxy flow without sections of unfilled epoxy. In the I~L solenoid, the bond between tl,e coil and the aluminum bore tube is very
The bore tlme was blasted and treated to insure a mold on the outside was treated with mold release so that be achieved. In , it has been fOLmd that for 'che epoxy in a much faster pour. The A coil (a one~meter diameter test took 7.5 hours to fill one The B coil one~meter diwneter took about 1.5 hours to fill because 4
were used. The C coil (a two~meter diwneter took about 7 hours to fill
The C coil has distances for the epoxy to it had almost t.hree times the epoxy mass; and it had more than batch into the mold. Therefore the fill time was longer.
The coon controlled controller sets the cure for the epoxy. Once the epoxy is introduced, the is held for about 12 hours, then the i raised to (this takes about 
TESTS OF THE SUPERCONDUCTING COILS
The tests of the three superconducting solenoid magnets show that the epoxy large vacuum impregnated epoxy technique is viable in large solenoid magnets. The three coils do not train like many coils which have been built elsewhere. Table 2 compares the three large LBL solenoids. This magnet did not train. 972A is the limit of the power supply.
** There was no training observed. 
